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Abstract 

In  order  to  transport  therapeutic  agents  across  blood  brain  barrier  (BBB)  for  sustained  time  in  response  to  biological  need,  we 
designed  and  synthesized  novel  dendritic  nanoparticles  with  thermoresponsive  and  biodegradable  properties  as  drug  delivery 
systems.  The  nano-sized  dendrimer  was  prepared  by  coupling  reaction  of  poly(L-lysine)  (PLL)  dendron  and  poly(N- 
isopropylacrylamide)  (PNIPAAM)  grafted  with  poly(L-lactic  acid)  (PLL A).  The  chemical  structure  and  molar  mass  of  the 
dendrimer  was  characterized  and  confirmed  by  fourier  transform  infrared  spectroscopy  (FTIR)  and  matrix  assisted  laser 
desorption/ionization  time  of  flight  mass  spectroscopy  (MALDI-TOF).  The  dendrimer  was  responsive  to  temperature  changes 
by  showing  lower  critical  solution  temperature  (LCST)  measured  by  UV-VIS  spectroscopy.  The  LCST  depended  on  the 
concentrations  of  the  dendrimer.  The  dendrimer  also  demonstrated  biodegradable  properties  with  decreasing  their  molar  mass 
as  a  function  of  time. 


Introduction 

The  dendritic  polymers  including  benzyl  ether1,  propyleneimine2,  amidoamine3,  L-lysine4  and  carbosilane5  dendritic 
segments  have  been  extensively  studied  for  application  in  drug  delivery  and  other  biomedical  fields  due  to  their  high  drug 
loading  capacity,  precise  control  of  size,  shape  and  placement  of  functional  groups.  In  addition,  dendrimers  are  also 
nanoparticles.  In  vitro  and  in  vivo  experiments  showed  that  nanoparticles  might  have  long  blood  circulation  times  and  a  low 
reticuloendothelial  system  (RES)  uptake.  They  were  able  to  strongly  interact  with  the  brain  blood  vessel  endothelial  cells  of 
mice,  and  then  be  taken  up  by  these  cells  by  endocytosis.  Bound  drugs  as  intact  molecules  were  then  released  and 
exhibited  their  pharmacological  action  on  the  central  nervous  system  (CNS)6, 7  However,  the  current  available  dendrimers 
exhibit  insufficient  physicochemical  response  to  stimuli,  which  include  temperature,  pH,  and  electrical  fields,  and  can  not 
achieve  sustained  drug  delivery  to  meet  biological  need. 

In  our  studies,  we  have  designed  and  developed  a  novel  dendrimer  which  is  both  biodegradable  and  responsive  to 
temperature  change.  The  dendrimer  consists  of  poly(L-lactic  acid)  (PLLA),  N-isopropylacrylamide  (NIPAAM)  and  3- 
generation  poly(L-lysine)  (PLL)  units.  PLLA,  a  biodegradable  hydrophobic  polymer,  is  chosen  because  of  its  combination  of 
biodegradability,  biocompatibility,  hydrophobicity  and  good  mechanical  strength8"10.  Poly(N-isopropylacrylamide) 
(PNIPAAM)  is  used  due  to  its  unique  thermo- sensitive  properties  in  water11'13.  This  “intelligent”  polymer  exhibits  a  dramatic 
solubility  transition  at  the  lower  critical  solution  temperature  (LCST)  in  an  aqueous  solution  in  the  vicinity  of  32  °C.  It 
expands  and  swells  when  cooled  below  the  LCST,  and  it  shrinks  and  collapses  when  heated  above  the  LCST.  The  LCST  as 
well  as  the  environmental  responsive  properties  of  the  polymers  may  be  manipulated  by  changing  the  polymer 
compositions14, 15.  PLL  is  selected  owning  to  its  excellent  hydrophilic  nature  and  many  of  cationic  polyamine  groups  on  the 
surface  for  conjugating  targeting  moiety16  and  increasing  blood-brain  barrier  (BBB)  permeability17.  In  this  report,  we 
describe  the  design  and  synthesis  strategy  of  the  dendrimer,  and  illustrate  its  thermo-responsive  and  biodegradable  properties. 

Experimental  Methods 


Synthesis  of  Polymers 


PLLA  (molar  mass  2000  g-mol"1)  terminated  with  allyl  group 
was  prepared  by  coupling  conjugation  of  PLLA  with  allylamine 
through  1,3-dicyclohexylcarbodiimide  (DCC)  reaction  with  N- 
hydroxybenzotriazol  (HOBt)  in  7V,7V-dimethylformamide  (DMF) 
and  methylene  chloride  (MC)  mixture  at  room  temperature 
(Scheme  1).  PNIPAAM  grafted  with  PLLA  was  synthesized 
through  free  radical  polymerization  in  DMF  under  nitrogen 


nh2  Allylamine 


I  /M  I  \  II  I 

HOOC CH - O hC CH OH — C CH OH 

n-2 

PLLA 

DCC,  HOBt 
w  in  DMF/MC 


O  CH ,  O  CH 


Report  Documentation  Page 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 

VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 

1.  REPORT  DATE 

00  JUN  2003 

2.  REPORT  TYPE 

N/A 

3.  DATES  COVERED 

4.  TITLE  AND  SUBTITLE 

5a.  CONTRACT  NUMBER 

Syntheses  and  Characterizations  of  Smart  and  Biodegradable  Dendritic 

5b.  GRANT  NUMBER 

nmiupm  uucs  iui  \^unu  uncu  m  ug  Lfcuvcij' 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Department  of  Bioengineering,  Surgery,  and  Materials  Science  and 
Engineering,  Pennsylvania  State  University,  500  University  Drive, 

Hershey,  PA  17033 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS (ES) 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release,  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

See  also  ADM001697,  ARO-44924.1-EG-CF,  International  Conference  on  Intelligent  Materials  (5th) 

(Smart  Systems  &  Nanotechnology).,  The  original  document  contains  color  images. 

14.  ABSTRACT 

15.  SUBJECT  TERMS 

16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 
ABSTRACT 

uu 

18.  NUMBER 
OF  PAGES 

5 

19a.  NAME  OF 
RESPONSIBLE  PERSON 

a.  REPORT 

unclassified 

b.  ABSTRACT 

unclassified 

c.  THIS  PAGE 

unclassified 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


r 

c=o 

I  . 

nh  ~r 

cl  NIPAAM 

Hfccf  Chfe 


Fmx  H 

.  N  Fr 


— NB, 


100  °C 
inDMF 


Mercaptoethyleneamine 


Cl-b  CHj 

I  h2  hWh2  h\  I  H2  |  /  H  hWh  h2\  H; 


c=o 

I 


CHz  OH 
CH, 

I  I 

/CH\ 

H3c  cb. 


r° 


HC— Cl-b 


DOQHCBt 

inEMF 


Pol>(L-lysine)  dendron 


jiir 


CH  MH 
HjCf  CHpO 


CJ+CHb 

T 


' — NH  HN- 

K 


rv 


c-° 

Hc-a-fe 


PNIPAAM  grafted  with  PLLA 


Etendrirner 


Scheme  2.  Scheme  3. 

condition  at  100  for  4  h  (Scheme  2)  and  pentanedione  peroxide  was  used  as  a  catalyst.  The  dendritic  polymer  was 
prepared  by  DCC  coupling  reaction  of  PLL  dendron  and  PNIPAAM  grafted  with  PLLA  in  DMF  at  room  temperature. 


Characterizations 


The  molar  masses  of  the  polymer  samples,  PLLA,  PNIPAAM  grafted  with  PLLA,  and  dendrimer,  were  determined  by  a 
MALDI-TOF  with  a  Voyager  Biospectrometry  Workstation  (Perseptive  Biosystem,  Inc).  A  N2  laser  radiating  at  337  nm 
wavelength  with  3  ns  pulses  was  used  and  the  ions  generated  by  the  laser  pulses  were  accelerated  to  25  kV  energy.  The 
polymer  solutions  at  a  concentration  of  10  mg/ml  were  prepared  using  water  as  a  solvent  for  the  dendrimer  and  THF  as  a 
solvent  for  the  other  two  polymers.  The  polymer  solutions  were  then  mixed  with  a  matrix  solution  of  2,5-dihydroxybenzoic 
acid  (Aldrich)  at  polymer:matrix  =1:9  (v/v)  ratio  for  the  MALDI-TOF  measurements.  The  number  and  weight  average  molar 
masses  of  the  polymers  were  determined  in  the  linear  mode.  The  chemical  structures  of  the  polymers  were  characterized  by  a 
FTIR  (JASCO  460)  under  nitrogen  environment  at  a  resolution  of  4  cm"1.  The  transmittance  of  the  polymers  in  PBS  (pH=7.4) 
with  various  concentrations  was  measured  as  a  function  of  temperature  by  PerkinElmer  Lamda  25  UV-VIS  spectroscopy  at 
500  nm.  At  each  temperature  interval  the  polymer  solutions  were  equilibrium  for  30  min.  The  LCST  of  the  polymers  in  PBS 
was  defined  as  a  95  %  of  the  maximum  transmittance. 

Results  and  Discussion 


In  order  to  confirm  the  success  of  the  syntheses,  we  characterized  the  chemical  structures  of  the  PLLA,  PNIPAAM  grafted 
with  PLLA  and  dendrimer  through  studying  their  infrared  absorption  bands  which  match  their  natural  vibrational  modes 
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Figure  1.  FTIR  spectra  of  PLLA,  PNIPAAM  grafted  with  PLLA  and  dendrimer. 


using  FTIR  (Figure  1).  In  Figure  1,  PLLA  shows  ester  C=0  stretching  at  1764  cm"1.  After  the  PLLA  is  grafted  to  the 
PNIPAAM,  the  following  characteristic  FTIR  bands  of  the  PNIPAAM  appear,  -NH-  stretching  and  bending  at  3080  cm'1  and 
1545  cm"1,  respectively,  and  amide  C=0  stretching  PNIPAAM  at  1665  cm"1.  In  addition,  the  band  at  2975  cm"1  of  the 
PNIPAAM  grafted  with  PLLA  is  stronger  than  the  band  at  2945  cm"1  due  to  more  amount  of  -CH3  present  in  the  polymer. 
After  PLL  dendrons  are  attached  to  the  PNIPAAM  grafted  with  PLLA,  the  FTIR  spectrum  shows  that  the  band  at  2945  cm"1 
becomes  stronger  than  the  band  at  2975  cm"1  due  to  a  lot  of  -CH2-  present  in  the  PLL  dendrons. 

In  order  to  further  confirm  the  success  of  the  dendrimer  synthesis,  we  determined  the  molar  masses  and  molar  mass 
distributions  of  the  PLLA,  PNIPAAM  grafted  with  PLLA  and  dendrimer  by  using  MALDI-TOF.  As  shown  in  Figure  2,  the 
molar  masses  increase  with  the  step  of  the  syntheses,  in  the  order  of  PLLA<PNIPAAM  grafted  with  PLLA<dendrimer.  The 
number  average  and  the  weight  average  molar  mass  of  the  dendrimer  are  around  4200  and  5200  g-mol"1,  respectively.  The 
molar  mass  distribution  of  the  dendrimer  is  1.2.  In  addition,  the  transmission  electronic  microscopy  (TEM)  results  (data  are 
not  shown  here)  show  that  the  particle  size  of  the  dendrimer  in  dry  state  is  around  20-40  nm. 
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Figure  2.  The  MALDI-TOF  spectra  of  PLLA,  PNIPAAM  grafted  with  PLLA  and  dendrimer. 


Figure  3  shows  the  transmittances  of  the  dendrimer  in  PBS  (pH=7.4)  solutions  with  various  concentrations  as  a  function  of 
temperature  by  using  UV-VIS  spectroscopy.  The  results  indicate  that  the  dendrimer  show  the  LOST  at  31,  32,  34,  and  39  °C 
at  concentrations  of  1,  0.5,  0.1,  and  0.05  mg-ml"1,  respectively,  which  increase  with  decreasing  the  concentration  of  dendrimer. 
However,  at  the  lowest  concentration  of  0.05  mg-ml"1,  the  thermoresponsive  property  of  dendrimer  became  obscure.  These 
results  might  be  explained  as  follows:  1)  The  higher  is  the  concentration,  the  stronger  the  dendrimer  interacts  with  each  other 
and  the  lower  is  the  LCST.  2)  Due  to  the  positive  charge  and  hydrophilicity  of  PLL  in  the  dendrimer,  the  electrostatic 
interaction  of  the  dendrimer  becomes  stronger  with  decreasing  concentration  so  that  the  LCST  at  concentration  of  0.05 
mg-ml'1  is  obscure. 


Figure  3.  UV-VIS  spectra  of  PLLA,  PNIPAAM  grafted 
with  PLLA  and  dendrimer. 
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Figure  4.  The  LCST  of  PLLA,  PNIPAAM  grafted 
with  PLLA  and  dendrimer. 


Figure  4  shows  the  concentration  dependence  of  the  LCST  of  the  polymers.  The  LCST  of  PNIPAAM  alone  and  PNIPAAM 
grafted  with  PLLA  decreased  linearly  with  logarithmic  concentrations,  and  the  latter  is  2  °C  lower  than  the  former  over  the 
concentrations  due  to  the  hydrophobicity  of  the  PLLA.  When  PLL  is  conjugated  at  both  ends  of  PNIPAAM  grafted  with 
PLLA,  the  LCST  of  the  dendrimer  shows  non-linear  relationship  and  the  highest  value  compared  to  that  of  other  two  types  of 
polymers  over  concentration  <  1  mg-ml'1  due  to  the  hydrophilicity  of  the  PLL. 

Figure  5  shows  the  molar  mass  of  the  dendrimer  at 
concentration  of  0.1  mg-ml"1  with  time  at  temperature  below 
the  LCST  at  25  °C  and  above  the  LCST  at  37  °C  using 
MALDI-TOF.  The  molar  mass  of  the  dendrimer  decrease 
with  time,  indicating  that  the  dendrimer  degrades  due  to  the 
hydrolytically  degradable  PLLA  component.  Both  the 
number  and  weight  average  molar  mass  of  the  dendrimer 
decreases  faster  at  37  °C  than  at  25  °C  and  reaches  a  stable 
value  after  12  days.  This  means  that  the  degradation  of  the 
dendrimer  may  be  completed  after  12  days  since  the  initial 
weight  average  molar  mass  of  the  dendrimer  is 
approximately  5500  g-mol'1,  that  of  the  PLLA  is  about  2000 
g-mol'1,  and  the  weight  average  molar  mass  of  the 
dendrimer  minus  that  of  the  PLLA  is  about  3500  g-mol'1 
which  is  the  stable  value  after  12  days. 

Conclusions 

We  have  successfully  synthesized  a  smart  and  biodegradable  dendrimer  that  contains  PLLA  as  a  biodegradable  hydrophobic 
unit,  PNIPAAM  as  a  thermo-responsive  unit  and  branched  poly(L-lysine)  as  a  dendron.  The  chemical  structure  and  the  molar 
mass  of  the  dendrimer  were  confirmed  by  FTIR  and  MALDI-TOF.  The  dendrimer  showed  thermo-responsive  properties  with 
the  LCST  of  31,  32,  35  and  39  °C  at  concentration  1,  0.5,  0.1  and  0.05  mg-ml"1,  respectively,  which  increased  with  decreasing 
concentration.  The  dendrimer  also  demonstrated  biodegradable  property  with  molar  mass  decreasing  up  to  12  days.  The 
degradation  of  the  dendrimer  depended  on  temperature,  and  above  the  LCST,  the  dendrimer  was  more  susceptible  to 
degradation.  Further  studies  on  targeted  and  sustained  release  of  nerve  growth  factor  using  the  designed  dendrimer  are  being 
conducted  in  our  laboratory. 
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Figure  5.  Molar  mass  of  the  dendrimer  as  a  function  of 
time  at  temperature  25  and  37  °C. 
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